Recent work has highlighted the importance of transient low-frequency oscillatory (LFO; < 4 Hz) activity in the healthy primary motor cortex during skilled upper-limb tasks. These brief bouts of oscillatory activity may establish the timing or sequencing of motor actions. Here, we show that LFOs track motor recovery post-stroke and can be a physiological target for neuromodulation. In rodents, we found that reach-related LFOs, as measured in both the local field potential and the related spiking activity, were diminished after stroke and that spontaneous recovery was closely correlated with their restoration in the perilesional cortex. Sensorimotor LFOs were also diminished in a human subject with chronic disability after stroke in contrast to two nonstroke subjects who demonstrated robust LFOs. Therapeutic delivery of electrical stimulation time-locked to the expected onset of LFOs was found to significantly improve skilled reaching in stroke animals. Together, our results suggest that restoration or modulation of cortical oscillatory dynamics is important for the recovery of upper-limb function and that they may serve as a novel target for clinical neuromodulation. NATuRE MEDiCiNE | VOL 24 | AUGUST 2018 | 1257-1267 | www.nature.com/naturemedicine 1257 Articles Nature MediciNe
A n emerging view of the primary motor cortex (M1) sees it as an engine for movement governed by transient oscillatory dynamics that are present during both the preparation and the generation of movement [1] [2] [3] [4] [5] [6] [7] . Movement-related, low-frequency quasi-oscillatory (LFO) activity, at the level of both spiking and local field potentials (LFPs), has also been observed in the intact non-human primate M1 and human motor regions during reaching tasks [2] [3] [4] [5] [8] [9] [10] [11] [12] [13] . Such quasi-oscillatory activity can be as brief as 1-2 cycles for rapid movements or longer during sustained movements, and seems to be closely correlated with sub-movement timing 4, 5, 14 . They may also be related to the multiphasic muscle activations that are required for precise kinetics during actions 15, 16 . Thus, LFOs seem to represent an intrinsic property of motor circuits that are involved in the production of fast and accurate movements.
Here, we hypothesized that monitoring and manipulating movement-related LFOs after stroke may offer new avenues to understand motor recovery. Previous research using invasive electrophysiological approaches has largely focused on measurements of nervous system function that occur at rest and/or away from motor tasks [17] [18] [19] [20] . For this reason, surprisingly, little is known about how stroke and recovery affects task-related neural dynamics at the level of single neurons and mesoscopic circuit function. Non-invasive studies in human subjects have found that electroencephalogram (EEG) movement-related potentials (for example, slow cortical potentials [21] [22] [23] ) are affected by stroke [24] [25] [26] [27] . Furthermore, changes in the slow cortical potential are correlated with motor impairments post-stroke 26 . However, one limitation of EEG is the uncertainty regarding specific anatomical generators and neural processes that contribute to the recorded potentials; moreover, slow cortical potentials include various pre-movement and movement-related phemonenon 22, 23 , further limiting their interpretation.
A generative model of cortical dynamics in both the healthy and the recovering nervous system may guide the development of novel, closed-loop neuromodulatory approaches that dynamically target transient task-related processes. Despite our knowledge that neural networks are highly non-stationary, the vast majority of previous studies applying electrical or magnetic stimulation to the brain post-injury have applied it continuously, without explicitly targeting intrinsic neural dynamics [28] [29] [30] and with a primary goal of generally increasing excitability and/or plasticity [31] [32] [33] . However, recent work has suggested that therapeutic electrical stimulation can be used to target phasic oscillatory dynamics 34, 35 , an idea that has been successfully implemented in Parkinson's disease 36 and epilepsy 37 . Implementing such an approach post-stroke requires detailed knowledge of normal and abnormal neural dynamics and a better understanding of how to modulate them. Here, we aimed to identify neurophysiological dynamics associated with skilled execution; assess whether these same dynamics are related to recovery; and finally, to evaluate whether temporally precise electrical neuromodulation of these dynamics can improve motor function post-stroke.
The middle cerebral artery occlusion stroke model diminishes LFO activity. After collecting electrophysiological data in the healthy state ( Fig. 1 ), we performed a distal middle cerebral artery (MCA) occlusion stroke on these same animals ( Fig. 2a ). Induction of this type of stroke could be performed without perturbing implanted electrodes, thus allowing for a direct comparison of neural activity pre-stroke and post-stroke in the same animals and cortical region. Stroke in the distal MCA model resulted in a large area of damage within the sensorimotor cortex ( Fig. 2b and Supplementary Fig. 3a ). Animals were tested again after at least a 5-day rest post-stroke; neural activity was measured again once animals could attempt reaches and at least occasionally retrieve the pellet ( Supplementary Fig. 3b shows example hand trajectories).
The stroke resulted in impaired skilled motor function (Fig. 2c) . Importantly, neural probes were positioned such that at least some electrodes remained in viable tissue ( Fig. 2b and Supplementary  Fig. 3a) ; even post-stroke, single units remained on a subset of electrodes ( Fig. 2d ). There were fewer units post-stroke (an average of 1.45 versus 0.453 units per channel pre-stroke versus post-stroke), but those that remained continued to demonstrate task-related increases in activity, although demonstrating significantly less modulation on average ( Fig. 2d and Supp Fig. 3c,d) . Reach-related LFOs were perturbed ( Fig. 2e-i ). Low-frequency SFC was reduced after stroke ( Fig. 2g , mixed-effects model: t(221) = 7.45, P = 2.07 × 10 -12 ; Supplementary Fig. 3e,f) ; changes in firing rate could not explain the observed changes in SFC ( Supplementary Fig. 3g,h) . To further probe the relationship between spiking activity and LFP using a method that is not confounded by potential changes in firing rate, we calculated the preferred phase of spiking. We found strong phase locking to the trough of the low-frequency LFP pre-stroke and no preferred phase of spiking post-stroke ( Supplementary  Fig. 3i ,j). LFP power also reduced after stroke ( Fig. 2h ,i, mixedeffects model: t(100) = 6.01, P = 3.06 × 10 -8 ; Supplementary Fig. 3k ,l). As task-related units were present, the loss of the reach-related LFP power was not simply a product of probes being in infarcted tissue (Fig. 2i ). The decrease in LFP power was also not due to changes in movement speed; power was not correlated with movement duration ( Supplementary Fig. 3m ). As before, subtracting the mean ERP to isolate 'induced' activity did not significantly change the results ( Supplementary Fig. 3n -q). Together, these analyses clearly demonstrated that stroke resulted in a striking loss of LFOs and phaselocked quasi-oscillatory spiking activity.
Functional recovery correlates with the restoration of LFO activity.
Having observed a clear decrease in LFOs in M1 after stroke, we next wondered whether the recovery of function might be associated with its restoration in the perilesional cortex. Because of variability in the location of damage after the distal MCA occlusion 45 , we performed this next set of experiments using a focal photothrombotic stroke model 46 to generate a relatively reproducible area of damage ( Supplementary Fig. 4a ); thus, this allowed us to know a priori the location of the perilesional cortex and to target neural probes to the appropriate rostral location where rehabilitation-induced plasticity has been shown to occur 17, 47 . Immediately after stroke induction, a 16-or 32-channel microelectrode array was implanted anterior to the site of the injury 48 (Fig. 3a,b ). Animals were given 5 days to recover from the stroke and electrode implantation; they then underwent motor training on the same task to assess the relationship between recovery and task-related LFOs in the perilesional cortex. Injury resulted in impaired motor performance (73.6 ± 12.21% versus 35.1 ± 11.9%; two-tailed, paired t-test: t(5) = 3.35, P = 0.0204), which improved over the course of subsequent training (69.1 ± 9.01% last session; two-tailed, paired t-test comparing the first versus the last session: t(5) = 3.03, P = 0.0290; Fig. 3c and see Supplementary Fig. 4b for example paw trajectories).
With recovery of function, spiking activity in the perilesional cortex became sharper, more task related and more similar to that observed in the healthy M1 ( Fig. 3d and Supplementary Fig. 4c,d ). There was a clear emergence of low-frequency task-related activity in both spiking and LFP in the perilesional cortex ( Fig. 3e-k ). This increase in LFO can be observed in single-trial examples ( Fig. 3e ) and across trials/sessions within the same animals ( Fig. 3f ). Statistically, there was a strong increase in the 1.5-4-Hz SFC (Fig. 3g ,h, mixedeffects model: t(387) = 8.94, P = 1.59 × 10 -17 ; Supplementary Fig. 4e ). Changes in the SFC could not be explained by changes in firing rate ( Supplementary Fig. 4f -i). In addition, 1.5-4-Hz power increased significantly ( Fig. 3i ,j, mixed-effects model: t(175) = 3.11, P = 0.00217; Supplementary Fig. 4j,k) . Moreover, subtracting the ERP did not change the results ( Supplementary Fig. 4l -o).
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There was a significant positive relationship between the restoration of low-frequency power and improvements in accuracy on the task (Fig. 3f , example animal, and Fig. 3l , all animals, Pearson's correlation r = 0.576, P = 1.18 × 10 -7 ). There was also a significant correlation between the restoration of the SFC and recovery of function (r = 0.554, P = 4.60 × 10 -7 ) and between single-unit modulation change and recovery (r = 0.561, P = 3.01 × 10 -7 ). A multivariate linear regression model with all three variables significantly predicted motor improvements (r = 0.737, P = 1.28 × 10 -11 ). Each variable had significant partial correlation (r = 0.428, P = 2.21 × 10 -4 for power; r = 0.339, P = 0.00410 for the SFC; r = 0.398, P = 6.29 × 10 -4 for unit modulation), suggesting that all variables could independently account for the variance in recovery of function.
Movement-related LFOs are impaired in human stroke. We next assessed whether our observed phenomena in rodent models were relevant in human stroke 46 by re-analyzing invasive human electrocorticography (ECoG) data collected from three human subjects undergoing invasive epilepsy monitoring to identify seizure foci 8, 44 . Physiological data were recorded during a center-out reach task in which subjects were instructed to wait for a start cue and then reach as fast as possible to a target ( Fig. 4a ). Two of these patients had intact sensorimotor cortices (hereafter nonstroke or NS1/NS2); however, the third patient had experienced an ischemic cortical stroke 4 years prior to the monitoring (hereafter stroke subject) ( Fig. 4b ). The stroke subject had persistent motor deficits involving arm and hand movements (Fugl-Meyer upper-limb score of 35). He also showed impairments in the speed of execution. The reaction time from 'Go' to movement onset (that is, the rise in the mean electromyography, EMG) was slower for the affected versus the unaffected arm (reaction time of 635 ± 40 and 423 ± 72 ms, respectively, t(56) = − 2.7, P = 0.009, two-tailed, two-sample t-test). Similarly, the reach time from movement onset to target acquisition was longer for the affected arm (reach time of 1,266 ± 58 ms versus 914 ± 51 ms, t(56) = − 4.42, P = 4.65 × 10 −5 , two-tailed, two-sample t-test). 
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For ECoG recordings from NS1/NS2, we found evidence for robust task-related LFOs centered around the sensorimotor cortex (Fig. 4c ). The time course and pattern of this activity ( Fig. 4d ) appeared to closely resemble that observed in rodents ( Fig. 1f ). However, in the stroke subject, there was a striking loss of this sensorimotor reach-related low-frequency activity ( Fig. 4c-e ). The mean normalized 1.5-4-Hz LFP power for sensorimotor electrodes (from − 300 ms to 300 ms) was significantly positive for NS1/NS2: NS1, normalized mean activity: 0.55 ± 0.2 (n = 18 sensorimotor electrodes, two-tailed, one-sample t-test: t(17) = 7.16, P = 2 × 10 −6 ) and 0.93 ± 0.25 in NS2 (n = 16 SM electrodes, two-tailed, one-sample t-test: t(15) = 5.47, P = 6.5 × 10 −5 ), whereas the stroke subject showed no significant increase in power (− 0.12 ± 0.12, n = 91 SM electrodes, two-tailed, one-sample t-test: t(90) = − 1.03, P = 0.304). There was a highly significant difference in task-related low-frequency power between the stroke subject and NS1/NS2. We analyzed all channels from all subjects comparing healthy versus stroke, including subject as a factor in the model to account for differences between the two healthy subjects. Using this approach, we found a highly significant overall effect (F(2,122) = 9.80, P = 1.13 × 10 −4 ) and, more importantly, a highly significant effect of stroke (F(1,122) = 18.76, P = 3.1 × 10 −5 ). It is possible that these results were observed because the LFO was dominant near the central sulcus in healthy subjects, whereas in stroke, due to cortical reorganization, the LFO could be observed in other regions of the brain. Indeed, previous analyses of the data from the stroke subject demonstrated showing the location of the stroke and the electrode. PLC, perilesional cortex. c, The mean pellet retrieval success rate before the stroke and during rehabilitation training sessions (n = 6; error bars show the s.e.m. and the gray dots show the mean of the individual rats). Session 1 (S1) was 1 week poststroke for all. Each animal typically attempted 2 sessions of 25-35 trials each per day. B, baseline. d, Firing rate changes relative to the reach onset in early (the first) and late (the last) sessions (for all units from all six rats). e, An example of increased LFO activity with rehabilitation, both at the level of spiking and at the level of the LFP, in two trials with similar paw velocity. The labeling convention is the same as in Fig. 1d . f, An example channel from one animal showing a trial-by-trial 1.5-4-Hz LFP power increase, along with success rate increase, over the course of rehabilitation training. Quantification of this effect across channels is in panels i and j. The labeling convention is the same as in Fig. 2f . The horizontal white lines separate the training sessions. g,h, The mean SFC, calculated from units (n = 170 early, n = 219 late) in all 6 animals. Black dotted line indicates reach onset. The shaded areas in h are the s.e.m. and the solid lines represent the mean. i,j, The mean LFP power across channels (n = 176) from all 6 animals in early and late trials. Black dotted line indicates reach onset. The shaded areas in j are the s.e.m. and the solid lines are the mean. k, Spatial topography of the low-frequency LFP power increase. The plot shows example channels from one animal. All six animals showed similar patterns of recovery, as quantified in panels i and j. l, A scatter plot showing significant correlation between the restoration of low-frequency power (mean: 1.5-4-Hz power from -0.25 to 0.75 s around the reach onset) and improvements on the motor task (r = 0.576, two-tailed Pearson's correlation; P = 1.18 × 10 -7 ) . Each x represents one session from one rat (n = 72 sessions), with values normalized for each animal to the first session post-stroke.
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intact high-gamma activity away from the central sulcus that was correlated with muscle synergies, suggesting functional reorganization 44 . Thus, to account for functional reorganization, we selected channels that showed increased activity in the high-gamma band between − 300 and 300 ms prior to reach. This was performed blind to the location, in an unbiased manner for all three subjects. Using this method of functional 49 rather than anatomical selection, we found overall similar results ( Supplementary Fig. 5 ). These results suggest that LFO activity is a common electrophysiological signature of healthy motor circuit function across both rats and humans.
Direct current stimulation modulates LFO activity in the rodent cortex.
A key goal of this project was to assess whether we could modulate task-related oscillations and thereby develop a targeted neuromodulation approach post-stroke. Previous research has demonstrated that direct current stimulation (DCS) can modulate spiking activity 50 and ongoing, carbachol-induced gammaoscillatory dynamics 34 . It has also been recently reported that LFO activity observed during ketamine anesthesia is similar to the brief, low-frequency spiking-LFP dynamics during natural reaching 3 . To study the effects of DCS in vivo, we analyzed the effects of DCS on M1 LFO activity during ketamine anesthesia (10 rats, 11 sessions). Neural recordings during anesthesia are of substantially greater quality; we can move electrodes to optimize location near neurons and greatly increase signal to noise, which is a requirement for monitoring spiking during stimulation. After anesthesia induction, we implanted epidural electrodes for stimulation and M1 microwire electrodes to measure neural activity ( Fig. 5a ). Baseline spiking/LFP activity was recorded for 15 minutes, followed by recordings during the application of a 1-5-minute long DCS (mean duration: 2.909 ± 0.607 minutes, mean amplitude: 106.364 ± 44.526 μ A) via the epidural electrodes adjacent to the implanted recording electrodes. We found that DCS could effectively modulate ongoing LFO dynamics during ketamine anesthesia ( Fig. 5b-d ). Specifically, DCS significantly increased LFP power in the lower frequencies ( Fig. 5b, 1 .5-4-Hz LFP power, baseline: 0.266 ± 0.047 and with DCS: 0.314 ± 0.062; two-tailed, paired t-test: t(10) = − 2.49, P = 0.032). DCS also generally increased phasic spiking ( Fig. 5c ) and significantly increased 1.5-4-Hz SFC (Fig. 5d , SFC without DCS: 0.278 ± 0.016 and during DCS: 0.316 ± 0.022; onetailed, paired t-test: t(49) = − 1.73, P = 0.0452). Moreover, 40% of neurons changed their firing rate significantly. More specifically, 30% of neurons increased and 10% decreased their firing rates over the baseline period. SFC analyses were performed after controlling for any firing rate changes 51 . This was important as the firing rate changed significantly for these neurons at a population level (n = 50, two-tailed, paired t-test: t(49) = − 2.65, P = 0.0109).
Task-dependent DCS facilitates improved recovery of motor function post-stroke. We next performed experiments to assess whether shorter pulses of DCS (< 5 seconds in duration), applied directly during reaching behaviors, could improve motor function after stroke. Importantly, we avoided the significantly longerduration stimulation (for example, continuous stimulation for 5 minutes) that is known to induce long-lasting changes in excitability 31, 32 , as we wanted to specifically assess whether transient 
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'on-demand' stimulation could induce behavioral improvements.
For these experiments, animals underwent either a photothrombotic (n = 4) or distal MCA (n = 3) stroke induction and were implanted with cranial screws for stimulation both anterior and posterior to the injury site ( Fig. 6a ). Animals then underwent motor training until their level of performance plateaued (see Methods); DCS was then performed. Stimulation experiments occurred 20-150 days after the stroke, with no clear relationship between the time after stroke and the efficacy of stimulation. We compared the effects of stimulation with a 'no stimulation' and a 'sham stimulation' condition ( Fig. 6b ). Using this paradigm, we found that stimulation effects were 'on-demand' and did not persist across blocks, allowing us to test, daily, all three conditions (blocks of trials of no stimulation, sham stimulation or stimulation). The order of these blocks was pseudo-randomized across days in every animal and across sessions. We calculated the percentage improvement in accuracy for each daily stimulation and sham condition relative to the no stimulation condition for that day, and then calculated the mean improvement across days for each animal to perform statistics. Animals showed an improvement of 73 ± 12% in accuracy following stimulation compared with no stimulation (one-sample, two-tailed t-test: t(6) = 6, P = 9.6 × 10 −4 ) and a non-significant change of − 4 ± 5% in the sham stimulation group (one-sample, two-sided t-test: t(6) = − 0.77, P = 0.47; Fig. 6c ). There was also a significant difference in the observed behavioral effects between the stimulation and the sham conditions (two-tailed, paired t-test: t(6) = 4.91, P = 0.003). Further analyses describing stroke-type and variation in effects across days as well as additional experiments using cathodal stimulation are described in the Methods. We next assessed whether DCS could enhance task-related LFOs. We recorded neural signals from 4 post-stroke rats with persistent deficits while they attempted the reach-to-grasp task over a total of 24 sessions (a total of 1,031 trials, 532 reach trials with 'stimulation on' and 499 trials without DCS). Simultaneous recording of neural signals during brief epochs of stimulation is particularly challenging as the stimulation onset/offset triggers large distortions in both the LFP and spiking. Thus, we had to substantially alter the stimulation parameters. We used significantly lower current amplitudes (81.654 ± 12.414 μ A versus 321.4 ± 12.2 μ A in the behavioral experiments above), longer-duration pulses (DCS pulses were typically 15-seconds long) and more distant stimulation sites to accommodate the recording probe (see Methods). The average Z-scored 1.5-4-Hz LFP power was higher during DCS trials (0.201 ± 0.076) than during no stimulation trials (0.059 ± 0.038, t(1,029) = 7.425, P = 2.361 × 10 −13 , mixed-effects model; Fig. 6d-f ). We observed a trend towards increased accuracy with DCS in this set of animals: 21.069 ± 14.963% increase (one-tailed, paired t-test: t(3) = -1.830, P = 0.082). The reduced efficacy was probably the result of the lower current amplitude used. Consistent with this notion are the data from our early pilot experiments (see Methods) and in the behavior-only animals (Fig. 6c) where stimulation currents of > 150 μ A per screw were required to observe consistent behavioral improvements.
Finally, we designed a separate set of stimulation experiments using 1-second long pulses in a new group of animals to replicate the previous effect and more precisely determine the temporal relationship between electrical stimulation and the neural processes underlying reach control after stroke. More specifically, we pseudorandomly varied the timing of stimulation onset (in blocks of 25 trials) relative to the trial onset (that is, the door opened to allow reach) ( Fig. 6g) . Importantly, the only parameter that varied was the timing of the stimulation onset relative to this cue; stimulation was delivered on all trials. Next, we calculated the time between stimulation onset and the actual reach onset (Δ T) for each trial, thereby allowing us to precisely assess the relationship between the timing of stimulation and the change in motor function. We then calculated the percentage accuracy for all trials at a particular Δ T by binning all trials in a window of ± 50 ms around that time point (100-ms bins). We observed a significant improvement in accuracy only when Δ T occurred between 500 and 400 ms from the reach (Fig. 6h ; two-tailed, one-sample t-test: t(3) = 9.035, P = 0.0458, Bonferroni-Holm correction for 16 time points; also see Supplementary Fig. 6 for individual animal traces). It is important to note that, with 1-second pulses, stimulation around this time point probably maximally overlaps with the expected LFO (visualized on the plot, although the mean LFP trace was taken from different animals). Given the brief duration of stimulation pulses, 1-second long stimulation pulses at other times probably began or ended during the LFO; and, interestingly, did not seem to be beneficial. Together, our data demonstrate that DCS improved motor function in a temporally restricted manner and could enhance the LFO after stroke, suggesting a novel mechanism by which neuromodulation can work to improve motor function post-stroke.
Discussion
Our results identified LFO activity as an important neurophysiological marker of skilled motor control. We found evidence of such activity at the level of neural spiking and the LFP during the 
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Nature MediciNe performance of a dexterous task in rats and in ECoG signals in human subjects without stroke. In both rodents and humans, cortical stroke seemed to significantly disrupt low-frequency activity and its reemergence strongly tracked recovery of motor performance in rats. We also found that pulses of electrical stimulation enhanced entrainment of spiking, increased LFO activity and also improved motor performance in animals with persistent deficits. Consistent with this model, electrical stimulation was primarily effective when it started prior to and lasted through the reach, suggesting that applied electrical fields directly modulated neural dynamics linked to task execution.
There is growing literature demonstrating that LFO activity can capture reach dynamics 21, 22, 26 ; our results provide evidence that this activity is also relevant during recovery. Are these events truly 'oscillatory' , given their relatively brief nature? In this study, we used an established analytic framework 52, 53 for time-frequency decomposition of motor-evoked activity to assess the spectral content of evoked activity. Using these methods, we were able to: (1) quantify the relationship between spiking and the LFP (that is, the SFC), (2) . We performed one-sample, two-sided t-test separately for the stimulation (t(6) = 6.004, ***P = 9.6 × 10 -4 ) and the Sham (t(6) = -0.77, P = 0.47) groups, followed by a paired, two-sample, two-sided t-test to compare the effects between groups (t(6) = 4.91, P = 0.003). d, The mean raw LFP trace (solid dark gray lines; n = 70 trials stimulation off, n = 66 trials stimulation on) from one animal comparing DCS on versus off; the light gray lines 
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important cortical dynamics during recovery. A final point in favor of this framework is that we found significant partial correlations between behavioral improvements separately for both the SFC and low-frequency LFP power; this suggests that specific aspects of the oscillatory dynamics (spiking and the LFP) provide independent explanatory power about motor recovery. This does raise a concern regarding the correct interpretation of the SFC. Specifically, taskevoked SFC could arise simply because both the LFP and spiking are phase locked to behavior, even if they are not directly related to each other. To address this, we subtracted the average ERP, which represents the phase-locked component of the LFP 53 ; we still observed a task-related increase in power and the SFC, suggesting that the two signals are related to each other and not simply similarly phase locked to behavior. Together, our results indicate that the restoration of oscillatory dynamics observed both in spiking and in LFP data is important for motor recovery.
What is the possible relationship between LFOs, skilled behaviors and motor recovery? LFOs can be used to decode reach-related activity 7, 14 and predict spiking phase across multiple behavioral states 7, 14 . Such activity is also correlated with multiphasic muscle activations and movement timing 2, 4, 5, 14, 15 . Recent work also suggests that oscillatory dynamics reflect an underlying dynamical system 2 . This previous work argues that LFOs represent an intrinsic property of motor circuits associated with the precise temporal control of movements. Our findings extend this body of work by linking the restoration of LFO dynamics in the perilesional cortex to motor recovery. Our results directly implicate LFOs in the re-instantiation of cortical control of complex limb dynamics during reaching 17 . In our human stroke subject, persistent loss of cortical LFOs may suggest a mechanism for why reaching behaviors continued to be impaired. Of course, as we were only able to get data from one stroke patient, the generalizability of these findings remains unknown. The results need confirmation in a larger cohort. Nonetheless, given the concordance with our extensive rodent-based investigations, it is reasonable to propose that the recovery of LFOs may represent a marker of restored circuit dynamics after stroke, which is important for skilled reaching.
The exact origin of LFOs and the underlying generators remains unknown. Although our finding that a focal cortical stroke can perturb LFOs might indicate a local source, it is also increasingly clear that local perturbations can affect large-scale networks 19, 54 . Indeed, reach-related LFOs may involve striatal 55 or thalamocortical activity 56 , with impairments and recovery after stroke being functions of network plasticity rather than local effects restricted to M1. It is possible that these LFOs are related to slow cortical potentials associated with actions measured using EEG 22 . However, because those potentials may involve multiple cortical and/or subcortical networks, it is difficult to directly compare to our observed phenomenon. Further work specifically probing the interactions between the perilesional cortex and the broader motor network can clarify what drives our observed electrophysiological changes during recovery.
We found that pulses of DCS (for example, Fig. 6 ) could improve motor function when timed to start prior to and last through the reach period. How might electrical stimulation improve motor function after stroke, and how does this differ from previous neuromodulation methods in stroke 29, 30, 33, 57 ? In many previous animal and human studies (best exemplified in the EVEREST trial 30 ), sub-threshold high-frequency epidural stimulation over the perilesional cortex was used to generally enhance cortical plasticity. Stimulation was delivered for an extended period of time in an 'open-loop' manner-that is, not timed with behavior-and the primary outcome measures were long-term changes in map plasticity (in animals 57 ) and long-lasting changes in motor function (in both animals and humans) 30, 57 . Such stimulation protocols are thought to induce lasting changes in excitability 31 that probably requires brain-derived neurotrophic factor 32 . A more novel form of stimulation used a closed-loop paradigm in which stimulation in one region was linked with firing activity in a different region 33 , but again, the primary goal was to induce long-term changes in network plasticity. In contrast to these previous efforts, our study was designed to test whether electrical stimulation could specifically modulate the brief, movement-locked neural activity identified here and thereby improve motor function-that is, apart from any long-term changes in cortical excitability or plasticity. Indeed, we show that brief, DCS pulses can modulate movement-locked, low-frequency activity and can improve motor function poststroke. Thus, our study provides a theoretical basis for designing a rationale, on-demand and neutrally targeted stimulation paradigm for improving motor function. Moreover, our method of delivering stimulation (that is, via cranial screws) is potentially translatable as a novel class of invasive medical devices. Such a device could address growing concerns that non-invasive stimulation may not reliably modulate the cortex 58 .
Stroke is one of the primary causes of long-term motor disability. Most current therapies, including task-specific rehabilitation training, are designed to enhance endogenous neural plasticity 59 . Here, we have identified a novel neurophysiological target and tested a dynamic neuromodulation approach for improving motor function post-stroke. Moreover, because LFOs can be recorded in human subjects both non-invasively (that is, task-evoked delta/theta power using EEG) 5 and invasively (that is, using ECoG) 8 , there is a potential path to translate our results to stroke patients. These results may provide the basis for a new generation of 'smart' stimulation devices that can precisely target neuromodulation to improve motor function after stroke.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41591-018-0058-y.
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Methods Animal care and surgery. All procedures were in accordance with protocols approved by the Institutional Animal Care and Use Committee at the San Francisco Veterans Affairs Medical Center. Adult male Long Evans rats (n = 34, 250-400 g; Charles River Laboratories) were housed in a 12-h/12-h light-dark cycle. All surgical procedures were performed using a sterile technique under 2-4% isoflurane or a ketamine/xylazine cocktail. Surgery involved cleaning and exposure of the skull, preparation of the skull surface (using cyanoacrylate) and then implantation of the skull screws for referencing, stimulation and overall headstage stability. Reference screws were implanted posterior to lambda and ipsilateral to the neural recordings. The ground screw was placed in the skull contralateral to the neural recordings and either placed posterior to lambda or over the nasal bone. For experiments involving physiological recordings, craniotomy and durectomy were performed, followed by implantation of the neural probes. The postoperative recovery regimen included the administration of 0.02 mg per kg body weight buprenorphine for 2 days, and 0.2 mg per kg body weight meloxicam, 0.5 mg per kg body weight dexamethasone and 15 mg per kg body weight trimethoprim sulfadiazine for 5 days. All animals were allowed to recover for 1 week prior to further behavioral training.
Behavior. Animals were acclimated and then trained to a plateau level of performance in a reach-to-grasp single-pellet task before neural probe implantation. Probe implantation was performed contralateral to the preferred hand. Animals were allowed to rest for 5 days before the start of experimental and/ or recording sessions. During behavioral assessments, we monitored the animals and ensured that their body weights did not drop below 90% of their initial weight.
We used an automated reach-box, controlled by custom MATLAB scripts and an Arduino microcontroller. This setup required minimal user intervention, as described previously 39 . Each trial consisted of a pellet dispensed on the pellet tray, followed by an alerting beep indicating that the trial was beginning and then the door opening. Animals then had to reach their arm out, grasp and retrieve the pellet. A real-time 'pellet detector' using an infrared detector centered over the pellet was used to determine when the pellet was moved, which indicated that the trial was over and the door was closed. All trials were captured by video, which was synced with the electrophysiology data using Arduino digital output. The video frame rate was 30 Hz for the animals in the photothrombotic stroke electrophysiology experiments (n = 6), and 75 Hz for those in the MCA stroke electrophysiology experiments (n = 4) and stimulation experiments (n = 14). Physiological data presented in this paper were generally time locked to the onset of the reach movement. The onset of reach was determined manually from a recorded video and defined as the start of paw advancement towards the slot.
In vivo electrophysiology. We recorded extracellular neural activity using tungsten microwire electrode arrays (Tucker-Davis Technologies). We used either 16-or 32-channel arrays (33-μ m polyamide-coated tungsten microwire arrays). Arrays were lowered down to a depth of ~1,200-1,500 μ m. In healthy animals, neural probes were centered over the forelimb area of M1 (ref. 17 ), at 3 mm lateral and 0.5 mm anterior from the bregma. In photothrombotic stroke animals, the neural probe was placed immediately anterior to the stroke site, typically centered ~3-4 mm anterior and 2.5-3 mm lateral to the bregma.
Units and LFP activity were recorded using a 128-channel TDT-RZ2 system (Tucker-Davis Technologies). Spike data were sampled at 24,414 Hz and LFP data at 1,017.3 Hz. ZIF clip-based analog head stages with a unity gain and high impedance (∼ 1 GΩ ) were used. The threshold for spiking activity was set online using a standard deviation of 4.5 (calculated over a 1-min period using the TDT-RZ2 system), and waveforms and timestamps were stored for any event that crossed that threshold. Sorting was performed using Plexon OfflineSorter v4.3.0, using a principal component analysis (PCA)-based method followed by manual inspection and sorting. We included both clearly identified single-units and multi-unit activity for this analysis (results were pooled as there were not clear differences in single-unit and multi-unit responses). A total of 171 single units and multi-units were recorded from healthy animals, 53 from those same animals post-MCA stroke, 170-219 from animals after photothrombotic stroke and 50 units in the ketamine experiment (only single units with a signal-to-noise ratio of > 5.5 were used in this DCS experiment to minimize stimulated-related contamination of neural signals). Behavior-related timestamps (that is, trial onset and trial completion) were sent to the RZ2 analog input channel using an Arduino digital board and synchronized to neural data.
MCA stroke. For this procedure 60 , adult rats were placed in the supine position and a ventral cervical midline skin incision was made under the surgical microscope. Both of the common carotid arteries were carefully isolated from the adjacent vagus nerve. The animal was then placed in the lateral position and an incision was made over the temporalis muscle, which was then retracted. The main trunk of the left MCA was exposed and occluded with an AVM micro clip (Codman & Shurtleff) and the common carotid arteries were occluded using micro clamps, both for 60 min. After ischemia, the micro clip and micro clamps were removed to restore blood flow after which the wound was sutured. This procedure has been previously shown to result in long-term loss of cortical tissue and long-term impairments in motor cortical function 61 .
Photothrombotic stroke and electrophysiology. After craniotomy, rose bengal dye was injected into the femoral vein using an intravenous catheter. Next, the surface of the brain was illuminated with white light (KL-1500 LCD, Schott) using a fiber optic cable for 20 min. We used a 4-mm aperture for stroke induction (centered in the M1 area based on stereotactic coordinates) and covered the remaining cortical area with a custom aluminum foil mask to prevent light penetration. After induction, a probe was implanted in the perilesional cortex immediately anterior to the stroke site 48 . The craniotomy or implanted electrodes were covered with a layer of silicone (Quiksil), followed by dental cement.
DCS. Anesthesia (ketamine) experiment. Animals (n = 10) were initially anesthetized using a ketamine-xylazine cocktail (85 mg per kg ketamine and 10 mg per kg xylazine), with supplementary ketamine given every ~40-60 min as needed to maintain a stable anesthetic level and also to maintain anesthesia at stage III, which is characterized by predominantly slow oscillations 62 ; 0.05 mg per kg atropine was also given separately to help to decrease secretions and counteract cardiac and respiratory depression. After anesthesia and craniotomy was performed, epidural stimulation electrodes were implanted (using cranial screws embedded in the skull) in the configuration noted in Fig. 5 . The ground screw for this and all other stimulation experiments was implanted over the contralateral nasal bone, suggesting that current flow would probably go through the cortex and associated pathways in an anterior-medial direction from the site of stimulation. These screws were connected to a Multi-Channel Systems Stimulus Generator (MCS STG4000 series) to deliver DCS. In 3 animals, a ~2-mm tungsten wire was placed on the epidural surface in the craniotomy well instead of using skull screws to deliver the electrical stimulation. 32-channel multi-electrode arrays were implanted into layer V of the motor cortex (1,200-1,500-μ m deep). Single-unit and LFP activities were recorded for 1 h to ensure the stability of recordings and to minimize drift during the stimulation experiment. Then, we recorded a baseline period of neural activity (~ 15 min), followed by neural activity during DCS (typically using 10-100-μ A currents, applied for 1-5 min).
In vivo DCS experiments. Fixed-stimulation behavioral experiments. After a stroke was induced (photothrombotic: n = 4 and distal MCA: n = 3), two stainless steel skull screws were implanted 1 mm anterior and posterior to the stroke site; we ensured that the electrodes were as close as possible to the stroke site and that they were located near the midline of the stroke area. The ground screw was implanted over the contralesional nasal bone. Following a 1-week recovery period, animals were tested several times each week, and those showing no persistent motor deficit (n = 3) were excluded from further testing. Animals were tested until their behavior was at a plateau, with reach accuracies at least > 15%. DCS, applied using an IZ2 stimulus isolator (Tucker-Davis Technologies), was administered on both variable and fixed schedules. Stimulation was delivered on two screws in each animal, with a maximum stimulation amplitude of 200 μ A per screw. Pilot studies in the first two animals suggested that accuracy on the skilled forelimb reach task was improved with > 150 μ A of current per screw; based on this pilot data, we provided at least 150 μ A of current per screw in all animals undergoing behavioral testing. The stimulation current was increased up to the point of tolerability by the subject, with a maximum amplitude of 200 μ A per screw. Tolerability was defined as animals not making any observable behavioral response to the onset or offset of the stimulation pulse. We tested both cathodal and anodal polarities of stimulation, as described in the Results section and below.
The current densities used in our study seem to be less that what has been used in previous studies. For example, a 2016 study used epidural electrodes for language mapping 63 . The authors report using 5-15 mA of current delivered through 2.3-mm electrodes (an area of 4.15 mm 2 ); this results in a current density of 2.4 mA per mm 2 . Similarly, the current densities used for epidural stimulation in the Everest trial were also comparable 30 . The study reported using currents up to 13 mA using four electrodes with a 3-mm diameter. Thus, each electrode could have a density of 0.46 mA per mm 2 . There are also multiple non-human primate studies using epidural stimulation. We estimate the following densities for the two example studies: 0.92 mA per mm 2 (ref. 64 ) and 1.41 mA per mm 2 (ref. 65 ). In comparison, we used 1-mm diameter screws. We typically used between 150 and 200 μ A per skull screw when delivering stimulation. Our estimated current density was 0.25 mA per mm 2 . Thus, to the best of our knowledge, our current densities are comparable to those used in invasive human and non-human primate studies. Fixed stimulation (n = 7; data in Fig. 6a -c) began 500 ms prior to the door opening (that is, the signal for the trial starting) and lasted up to 5 s total (encompassing the entire reach period, with stimulation turned off after the trial ended). Thirty trial blocks of stimulation 'on' , 'off ' and 'sham' (a 200-ms pulse that ended prior to the door opening, to mimic the sensory or possible alerting effects of the stimulation onset) were counterbalanced and interleaved across days. The effects of stimulation and sham were made based on the per cent improvements compared to temporally adjacent no stimulation blocks. We made a decision to randomize at the level of blocks (that is, blocks of 30 trials for fixed stimulation experiments; 25 trials in DCS with the physiology experiments) rather than at the level of trials because of the pilot data (in 2 animals), which had more robust behavioral effects when randomized in this manner. A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Our web collection on statistics for biologists may be useful.
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Data collection
We use MATLAB 2014a to run the automated rodent reaching box (Wong et al., 2015) . We use TDT OpenEx Software Suite to collect neurophysiology data.
Data analysis
We used MATLAB 2015b and 2017a for data analyses in this manuscript. This includes both standard toolboxes others have developed (particularly EEGLab, https://sccn.ucsd.edu/eeglab/) and Chronux (http://chronux.org/). Custom scripts were developed for analyses specific to the animals/behavioral paradigms analyzed here, and will be made available on request. We used SPSS 20 for some statistical analyses. We also used DataHigh v1.2 for Gaussian Process Factor Analysis in Supp Fig. 1 .
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information. Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: -Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.
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Sample size
Sample sizes were chosen based on previous experiments we conducted in stroke animals (Gulati et. al., J. Neurosci, 2014) . In that paper, the physiological (single units, LFP power/phase) changes observed after stroke were significantly large that 4 animals/group were sufficient to perform the relevant analyses. Thus, for all major claims about rodents, we ensured there were at least 4 animals/group (for some experiments, we conducted experiments in greater than 4 animals).
For human studies, we conducted analyses "within-subect", across electrodes. Because these studies were conducted using ECoG neural probes in patients with a seizure focus over sensorimotor cortex, we were inherently limited in the number of subjects we could recruit. Figs 1 -2 , 4 -6 no data was excluded. In Fig 3, 7 animals were excluded as they did not experience any motor deficits after the procedure. In a subset we verified that indeed no stroke had occurred. We thus included only animals with clear deficits after the procedure (n=6). In Fig 7, one animal (out of 5) had several sessions excluded due to the stimulation experiment not working appropriately (lower current than desired was being passed due to problems with electrode impedance, but this was only realized after data collection had been finished for that animal, so we could not perform more experimental sessions).
Data exclusions In
Replication
We have presented all of the data we collected in the paper. There were no other attempts to reproduce the data.
Randomization Randomization/blinding is most relevant from the perspective of the treatment studies (i.e., electrical stimulation). During treatments involving electrical stimulation, randomization occurred within the animal (on some trials animals received stimulation and other trials it did not, and we compared performance between those conditions). These experimental sessions were "pseudo-randomized", in that, across blocks of 30 trials, a different experimental condition was used, and the order of conditions was different across different days for the same animal.
Blinding
For stimulation studies, we have several markers indicating when the pulse is coming on/off (in order to ensure appropriate delivery), so investigator was not blinded to which trials stimulation was occurring. However, the behavioral task is fully automatic once started and does not require experimenter intervention. The metric of accuracy (whether the animal retrieved the pellet or not) is also quite objective. Moreover, data was collected by 3 different people across different animals, and similar effects of stimulation were observed.
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